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SUMMARY

The results obtainei in this investigation continue to demonstrate the
utility of mechanical vibration analysis methods for reducing the high-
frequency vibration and noise produced by portions of the helicopter rotor-
drive power train, particularly main transmission gear-carrying shafts and
structural elements. The mechanical -vibration analysis method for gearbox
noise reduction has been under development for several years, and has re-
cently progressed to the stage at which experimental verification I-as be-
come desirable. Recent tests of a CH-47C forward rotor-drive gearbn. under
the HLH/ATC program have yielded substantial agreement between test and
predicted results, to the extent that the vibration analysis method was
used in the HLH drive-train design process.

As a result of the successful nature of the foregoing tests, an effort has
been undertaken to put the method to further tests through its applicaticn
to the redesign of CH-47C gearbox cor.ponents. The results of this program,
which has been undertaken rather carefully and methodically to avoid the
excessive costs which often accompany hit-or-miss approaches to gearbox
noise reduction, will include vibration reduction predictions for a number
of carefully documented designs, together with directly comparable measured
reductions.

It must once again be stressed that the key products in this overall effort
are reduced bearing radial dynamic forces. The results of this program are
thus expected to have a major impact upon bearing and gear lifetimes, in
addition to the obvious benefits in the area of gearbox noise.

Since the vibration analysis method for vibration and noise reduction was
to be applied to a selected existing, production aircraft, it was decided
to limit the hardware modifications to changes which could possibly be
retroiitted without extensive gearbox -edesign efforts. Consequently,
changes considered do not involve relocatio of bearings, changes to bearing
sizes, or the like. Instead, shaft noncritical dimensions have been altered,
together with the flexibility of the bearing support in one case. In the
case of the ring gear, the gear dimensions, numbers of teeth, and the like
are unchanged, while the flexibility of the lower-stage ring-gear support
has been altered.

The modifications considered do, in gen :al, involve the addition of weight
to gearbox components, because they are esscntially mass-oriented in nature.
This type of change is not mandated by the analysis method, but is the
natural result of the need to achieve lower radial vibration amplitudes at
particular bearing locations. The option of relocating "he bearings, which
is a possibility in the design of a new gearbox, would considerably reduce
the need for additional mass. As in earlier studies, the modifications
selected for examination are only representative of many. There may be
others which will exhibit greater noise reductions with less weight penalty.
The optimum configuration can b- determined only by systematic study, and
must ultimately be evaluated by a competent gearbox designer prior to imple-
mentation. While the results achieved by this study are not all-inclusiv,

iii

(



, 7,

> they represent a significant step forward in controlling the elements re-
- sponsibIc for the generation of gearbox noise and similar techniques can be
- applied to any V/STOL aircraft drive system.
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FOREWORD

This report was prepared by Dr. Robert H. Badgley of Mechanical Technology
Incorporated under Contract DMJ02-72-C-0040 (Project IG162207AA72).
The contract was carried out under the technical cognizance of Mr. E. R.
Givens, Eustis DirecLorate, US. Army Air Mobility Research and Developwent
Laboratory, Fort Eustis, Virginia.

Special credit is due to Mrs. F. Gillham of MTI, who carried out the ex-
tensive calculations required for the achievement of the contract objectives,
-and to Mr. Keith Streifert of MTI, who was responsible for the designs of
the modified hardware..
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INTRODUCTION

Helicopter internal noise has been recognized as a major problem which must
be overcome if helicopters are to be a safe and comfortable mode of trans-
portation in the future. High internal noise levels have long been con-
sidered inherent to the helicopter, primarily because of the high power
levels and the weight associated with insulation and blanketing, which re-
duces the payload in this type of aircraft on a pound-for-pound basis.

Internal noise levls have not always been considered to bear strongly upon
helicopter crew and passenger safety. There is growing concern, however,
for the legal aspects of hearing damage to both passengers and crew in
military helicopters. Perhaps more importantly, there is apparently some
evidence that noise components produced by the CH-47 rotor-drive gearbox,
shown in Fi.gure 1, are interfering significantly with internal communica-
tions within operating CH-47 aircraft. Crew helmets do not and :annot
alleviate this problem, since the noise impinges upon the microphones, as
do the spoken words of the crew. Noise and vibration fatigue of both pas-
sengers and crew is undoubtedly another important element for consideration.

There is, moreover, an increasing awareness of the fact that noise in oper-
ating aircraft gearboxes can be quantitatively related to the presence of
high radial dynamic force levels in the main rolling-element bearings. The
solution to the noise problem then, contains within it the seeds of the
solution to the bearing-life problem as well. It is further becoming clear
that the capability of understanding and predicting the flow of vibration
energy within the gearbox is precisely the capability required for the diag-

4nosis of gearbox condition and prognosis of remaining gearbox life.
Mechanical vibrations are, in effect, a carrier which, when well understood,
can be used to transfer information about potential system failures from
their points of origin within the gearbox to sensor locations external to
the gearbox.

Reduction of noise levels in existing helicopters, wherever possible, and
the achievement of quieter future helicopters through design-level efforts
have been recognized by the U.S. Army as important objectives. Consequently,
the Eustis Directorate, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, Virginia, has embarked upon a program to understand
the sources of internal helicopter noise, to modify existing hardware to re-

duce the noise levels emitted by these sources, and to transmit the informa-
tion learned by these investigations to helicopter manufacturers for ircor-
poration into the design process.

Efforts undertaken to date, [1]" through [101 have shown conclusively that
the rotor-drive gearbox is the primary source of noise in medium and large
size helicopters. Calculations have predicted, and experimental measure-
ments have confirmed, that nonuniformities in the gear meshes within these
gearboxes produce small, but significant, vibrations at the mesh frequencies
and their integer multiples. These vibrations are amplified by th? tor-
sional and lateral vibration characteristics of the gearbox drive train

*Numbers in brackets refer to literature cited at the end of this report.



componente, causing the gearbox casing to vibrate. In effect, the gearbox
surface (and sometimes its supporting structure as well) acts like a loud-
speaker, greatly amplifying the mesh-produced vibrations. It must be
stressed that this behavior has actually been measured in a gearbox operat-
ing under load [lO, and is not simply a theoretical explanation of the
problem.

Throughout the entire program, and particularly during the past year under
the HLH/ATC program, continuing efforts have been made to appraise heli-
copter manufacturing organizations of the successful nature of the mechani-

cal vibrations approach to gearbox noise reduction, and of the importance
and utility of all of the analytical tools and measurement techniques being
developed.

', 2



DESCRIPTION OF PROGRAM

This initial study of modifications to existing helicopter power train
hardware for the purpose of reducing acoustic-frequency vibrations and
noise was conducted as a single task, The detailed results are summarized
below.

In tie vibrations analysis of any system, several distinct types of calcu-
lations are required for a complete understanding of the behavior of the

system. First, tie natural - 'frequency (free-vibration) aspects of the prob-
lem must be considered,, taking into account the actual support masses and
stiffnesses. This analysis yields the natural frequencies of the system,
together with tile vibration mode shapes whichmay be expected. The analyst
learns from these results the frequency ranges upon which he must concen-
trate duting the second portlon of the study,, which is an investigation of
the response oi the system to specific forcing functions. From this part
of the analy:sis, information is gained about the vibration amplitudes which
may be expected.- The third portion of the study is then usually an analysis
of the sensitivity of the system to various changes in such paramieters as
the mnplitude or location of the dynamic forces, the bearing stiffnesses,,
or the diLensions of the shaft.

The natural frequency properties of the C1-47 forward rotor-drive gearbox
components were studied [5J, and system responses to expected gear tooth
dynamic forces we.e -predicted for both the nominal drive train components
and for several modifications thereof. This report summarizes the results
of further vibration response studies, and presents several hardware modi-
fications which appear to have considerable promise from a vibration and
noise-reduction standpoint. These modifications, which are of the type
which may be considered by the gearboxt designer during the design process,
are obviously only a few of miny combinations which may prove useful. They
are presented to illustrate the utility of the proven analytical methods.

As a result of the studies reported in [3], [4], and [5], dynamic forces
acting at the various gear meshes were available, together with rolling-
element bearing stiffnesses and gear shaft lateral vibration natural fre-
quencies. Following the procedures outlined in [5], calculations were per-
formed to show the response of the input bevel shaft, including dynamic
bearing forces, to the dynamic forces generated at the gear teeth as a
result of the gear-tooth mesh characteristics. Such calculations were per-
formed for a number of different shaft configurations and for several dif-
ferent thrust bearing radial stiffness arrangements.

Calculations were conduc.ted for the lower-stage planetary sun gear shaft for
a number of shaft modifications. These modifications were limited to changes
in shaft dimensions, which could be undertaken with a minimum of disturbance
to the existing design (i.e., bearing locations and types, bearing mounting
configurations, etc.).

A number of potentially useful modified ring-gear mounting geometries were

3



conceived and discussed with CH-47 helicopter design engineering personnel.
Of the modified configurations, several were identified as promising and
were selected for further analysis. In each case, the major objective of
the design modif-ication was the ..solation of the lower gearbox structure
from dynamic gear tooth forces produced at the planet-to-ring gear meshes
in the lower stage planetary reduction. This objective was selected after
examination of test data obtained in the }ILlI/ATC gearbox test program.

Designs which meet this objective should result in substantially quieter
lower portions of the gearbox at the lower planetary mesh frequency. It
should be noted that this may result in higher vibration levels in the
cover and mounting arms of thu gearbox, but the resulting noise will be
produced at the upper surfaces of the gearbox. It will thus be directed
away from the helicopter interior, and may more easily be treated by stand-I ard acoustic procedures. Complete isolation of the ring gears, through the
use of elastomer material.s, was rejected, for this preliminary study since
it represented too radical a change from the existing design. Such isola-
tion, achieved through careful engineering effort by helicopter gearbox
design personnel, may yield substantial improvements over and above the
results reported herein, and should-not arbitrarily be ruled out.

4,
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MODIFICATIONS TO CH-47 FORWARD ROTOR-DRIVE
GEARBOX INPUT BEVEL PINION SHAFT AND BEARING SYSTEM

A number of physical modifications of the input bevel pinion shaft and
bearing system, shown in Figure 2, have be4en studied for the purpose of re-
ducing acoustic-frequency vibration. These modifications include changes
to noncritical shaft dimensions (e.g., inner diameters) and to the relative
amount of radial support to the thrust-carrying ball bearings.

Vibration and noise components at both the spiral bevel mesh and lower-stage
planetary mesh frequencies peaked at an input shaft speed of about 7000 rpm
during tests reported In [10] (lower-stage planetary mesh frequency of 1480
Hz and bevel mesh frequency of 3390 Hz). Consequently,, calculations of in-
put bevel pinion response were made ,t both o4 these frequencies. In each
case, the dynamic force levels used to force .'he shaft at the bevel mesh
location were calculated by computer program TORRP [3] at the corresponding
frequencies. Calculations are for 80 percent of maximum gearbox torque
(1.06 x 106 lb-in.on the rotor shaft).

The modifications and their rerulting vibiation amplitudes are shown in
Figures 3 through 8. Of the six structural changes tj the drive shaft it-
self, Modi-fication No. 5 yields the best reduction o, shaft amplitude at
the locations of all bearings at both excitation frequencies.

In Modifications No. I - 6, the following stiffnesses were used for
the bearings shown in Figure 2:

Vertical (X) Horizontal (Y)
Bearing Stiffness Stiffness
Number (lb/in.) (lb/in.) Notes

1 5.0 x 106  6.1 x 106 Full value of calculated
bearing stiffness

2 1.8 x 106 2.2 x 106 15% of calculated bearing
stiffness

3 1.8 x 106 2.6 x 106 15% of calculated bearing
stiffness

4 4.8 x 106  8.3 x 106 Full value of calculated
beating stiffness

In Modification No. 7, which has the same mass distribution as Modification
No. 5, the stiffnesses of bearings No. 2 and 3 were increased to their full
calculated, values. In effect, this assumes that the two thrust bearings
are mounted such that their outer races are rigidly supported in the radial
direction, The results of this modification are 3hown in Figure 9.

Summaries of the peak dynamic forces in the input bevel gear shaft bearings
are presented in Tables I and II for the seven modifications considered.

5



TABLE I. CALCULATED DYNAMIC FORCES IN C11-47
INPUT BEVEL GEAR SHAFT BEARINGS
AT 1480 HZ

Peak Forces (Ib)

Modification Bearing I Bearing 2 -Bearing 3 Bearnhg 4

Nominal 336 20 131 1587
1 214 58 162 1330
2 384 2 125, 157-7
3 274 52 167 1325
4 563 58, 312 3011
5 '109 '13, 65 634
6 55 41 95 622
7 173. 70 243 662

TABLE I-I. CALCULATED PEAK DYNAMIC BEARING FORCES vN
CH-47 INPUT BEVEL GEAR SHAFT BEARINGS AT
3390 HZ

Peak Forces (Ib)

Modification Bearing I Bearing 2 Bearing 3 Bearing 4

Nominal 350 226 276 719
1 295 203 254 645
2 688 389 421 835
3 788 397 428 661
4 218 151 186 464
5 119 93 119 321
6 158 155 191 360
7 15 52 127 187

-I



Table III shows the weight for each modification analyzed. Sample
calculations for Modification No. 7 are shown in Table IV.

TABLE III. CALCULATED WEIGHT FOR CH-47
INPUT SPIRAL BEVEL GEAR SHAFT

Model Weight (lb)

Nominal 38.1V Modification No. 1 42.'1
Modification .Nc. 2 4.6
Modification No., 3 48.,!
Modification No. 4 47.9
Modification No. 5 55.0
Modification No. 6 79.9
Modification No. 7 55.0

7
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MODIFICATIONS TO 01-47 FORWARD ROTOR-DRIVE GEARBOX LOWER-
STAGE PLANETARY SUN GEAR SHAFT AND BEARING SYSTEM

Seven modificati6n. to the lower-stage planetary sun gear shaft and bearing
system, shown in Figure 10, have been studied for the purpose of achieving
acoustic-frequency vibration reductions. The modifications all include
changes to noncritical shaft dimensions (e.g., inner diameters).

C4culations were performed at 1480 Hz and 3390 Hz, the mesh frequencies
of the lower-stage planetary sun gear and bevel gears, respectively. Dy-
namic force levels used to force the shaft at the bevel mesh location were
1the appropriate components corresponding to the dynamic force levels used
for the input spiral bevel p;.nion shaft vibration response calculations.
The following bearing stiffnesses were used in the response calculations,
which were performed for 80 percent of maximum gearbox torque. The modi-
fications and their resulting amplitudes are shown in Figures 11 through 17.

Bearing Fore-Aft (X) Side-Side (Y)
Number Stiffness (lb/in.) Stiffness (lb/in.)

5 6.0x 106 5.6x 166

5 10
6 2.3 x 106 1.9 x 106
7 1.8 x 106 1.5 x 106

Of the seven changes considered,. Modification No. 7 yields the best reduc-tion of shaft amplitudes.

A summar.y of the peak dynamic forces in the lower-stage planetary sun gear
shaft is presenteu in Tables V and VI for the seven modifi-atious considered.
Table VII shows the weight for each modification analyzed. Sample calcula-
tions for Modification No. 7 are shown in Table VIII..

To ilustrate the approximate effect upon noise levels of force reductions
in tne shaft bearings, the force reductions have been converted to db format
for the best results obtained (shaft Modification No. 7). The results are
presented in Tables IX and -X. In these tables, reductions of 8 db are pre-
dicted for the lower-stage planetary gear mesh frequency component, and Il
db for the ,bevel gear mesh frequency component. It should be noted that the
information presented in Tables IX and X summarizes the force reductions
achieved for both the input bevel gear shaft (bearings 1-4, Modification
No. 7) and for the lower-stage planetary sun gear shaft (bearings 5-7,
Modification No-. 7).

14



TABLE V. CALCULATED PEAK DYNAMIC BEARING FORCES IN
CH-47 LOWER-STAGE PLANETARY SUN GEAR SHAFT
BEARINGS AT 1480 HZ

Peak Forces (lb)

Modification Bearing 5 Bearing 6 Bearing 7

Nominal 3950 1895 231
1 4134 1657 179
2 7822 3687 536
3 2113 965 296
4 2241. 1164 134
5 1791 915 100
6 24,485 13,121 1810
7 1518 759 80

TABLE VI. CALCULATED PEAK DYNAMIC BEARING FORCES IN

CH-47 LOWER-STAGE PLANETARY SUN GEAR SHAFT
BEARINGS AT 3390 HZ

Peak Forces (lb)

Modification Bearing 5 Bearing'6 Bearing 7

Nominal 207 89 29
1 391 118 11
2 146 62 19

3 11,196 3177 366
4 127 54, 16
5 130 54 16
6 133 56 16
7 140 57 15

FI f_
L



TABLE VII. CALCULATED WEIGHT FOR C-47 LOWER-

STAGE PLANETARY SUN-GEAR 'SHAFT

Model Weight (Ib)

K Nominal, 45.9
Modification No. 1 82.7
Modification No. 2 67.5
Modification No. 3 56.7Modification No. 4 77.3
Modification No. 5 78.0
Modification No. 6 75.9
Modification No. 7 78.9

It
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TABLE IX. PREDICTED BEARING PEAK DYNAMIC FORCE
REDUCTIONS IN db FORMAT AT 1480 HiZ

Peak Dynamic db Peak Dynamic db
Force (lb) (re. 1.0 1V~) Force (lb) (re. 1.0 lb)

Beating (Nom. Config.) (Nbm. Config.) (Mod. Config.) (Mod. ConE 1g.)

1336 50.0 173 44.8
220 26.0 70 36.9

3 131 42.3 243 47.7
4 1587, 63.8 662 56.4
5 3950 71.9 1518 63.4
6 189,5 65.6 759 57.6

7 231 47.3 80 38.1

Log Sum 73.3 65.0

A d~ 73.3 -65.0 8.3 db

TABLE -X. PREDICTED BEARING PEAK DYNAMIC FORCE
REDUCTIONS IN db FORMAT AT 3390 HZ

Peak Dynamic db Peak Dynamic db
Force (ib), (re. 1.0 lb) Force (lb) (re. 1.0 lb)

Bearing (Nomn. (lonEig.) (Nom~. Config.) (Mod. 1Config.) (Mod. Config.)

1 350 50.8 15 23.5
2 226 47.1 52 34.3
3 276 48.8 127 42.1
4 719 57.1 187 45,4
5 207 46.3 139 42.9
6 89 39.0 57 35.1
7 29 39.2 15 23.5

Log Sum 59.4 48.*3

A db 59.4 -48.3 =11.1 db
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MODIFICATIONS TO CH-47 FORWARD ROTOR-DRIVE
RING-GEAR STRUCTURAL COMPONENTS

Ten conceptual modifications to the ring gear were considered as a pre-
liminary step in this portion of the study., In each modification, the
attempt was made to isolate the gearbox casing, through ring-gear component
fle=cbility, from gear mesh frequency dynamic forces arising at the lower
ring gear. A number of the concepts were jud d to be unsuitable for rea-
sons of manufacturing difficulty or unnecessary complexity. Three of the
ten modifications \eie considered to merit further study, and these were-
subjected to response calculations in order to determine their ability to
perform the isolation function.

Figqre 18 shows details of the nominal -ring-gear design, whie FTigure 1.9,

presents the analytical dynamic model used in the calculations. The dynamic
analysi. har been conducted for the dynamic force predicted to act at the
lower planetary gear mesh frequency as a result of one planet-to-ring gear
mesh. Figure 20 presents peak radial and axial dynamic force levels at
indicated locations along the reference surface of the dynamic model.
Figure 21 presents peak radial vibration amplitudes along the reference
surface at the circumferential location of the dynamic force, while Figure
22 presents peak radial vibration amplitudes for several planes perpendicu-
lar to the ring-gear axis.

Figure 23 shows the design details of Modifications No. 1 and 2, with
the corresponding analytical models shown in Figure 24. Figure 25 presents
peak radial and axial dynamic force levels at indicated locations on the
reference surface, for Modification No. 1, including the branch surface.
Figure 26 shows peak radial vibration amplitudes along the reference sur-
face at the circumferential location of the dynamic force, while Figure 27
!presents peak radial vibration amplitudes for several pl'anes perpendicular
to the ring-gear axis for Modification No. 1.

With respect to Modification No. 2, Figure 28 presents peak force levels,
while Figures, 29 and 30 present, respectively, peak radial vibration ampli-
tudes along the reference surfaces at the circumferential location of the
dynamic forc3 and peak radial vibration amplitudes for several planes
perpendicular to the ring-gear axis for Modification No. 2.

Design details and the analytical model for Modification No. 3 are presented
inFigures 31 and 32, respectively. Predicted peak forces, peak radial
amplitudes at the dynamic force circumferential location, and peak radial
amplitudes in several planes are shown in Figures 33, 34, and 35, respec-
tively.

A summary of the peak dynamic forces at the upper and lower edges of the
ring gear is presented in Tables XI and XII for tm nominal and modified 'ring-
gear configurations.
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TABLE XI. CALCULATED PFJK RADIAL FORCE LEVELS AT
INDICATED LOCATIONS ON CH-47 RING GEAR

Force Per Unit Circumferential Length (lb/in.)

'Nominal Modification Modification Modification
Location Model 1 2 3

Upper Edge 0.1 8.6 8.8 6.4

Lower Edge 9.1 0 0.8

TABLE XII. CALCULATED PEAK AXIAL FORCE LEVELS AT

INDICATED LOCATIONS Oi. CH-47 RING GEAR

Force Per Unit Circumferential Length (lb/in.)

Nominal Modification 'Modification Modification
Location Model 1 2 3

Upper Edge 0.9 13.4 14,1 18.7

Lower Edge 2.6 1.5 1.6 2.5
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IDENTIFICATION OF COMPONENT MODIFICATIONS
WHICH WOULD RESULT IN SIGNIFICANT NOISE REDUCTION

With respect to the input spiral bevel shaft, examination of the results
shown in Figures 3 through 8 indicates clearly that Modification No. 5 ex-
hibits the best vibration reduction results of all shaft-configuration
modifications considered. Addition of higher radial stiffness thrust
bearings further improves this result, as shown in Figure 9. Consequently,
the shaft configuration shown in Figure 7 is recommended for test evalua"
tion. This redesigned component is shown in Figure 36. In addition, it is
!recommended that tests of this configuration be conducted with i±xcreased
thrust bearing radial stiffness, which the mounting cartridge shown in
Figure 37 has been designed to provide through the use of radially-adjustable
locking screws. A subassembly of these items appears in Figure 38.

With respect to the lower-stage planetary sun gear shaft, examination of
Figures 11 through 17 shows clearly that Modification No. 7 exhibits the
best vibration reduction results of all the modifications considered.
Consequently, this modification is recommended for test evaluation. It is
conceded that Modification No. 7 involves a heavier shaft than that in the
nominal design. The recommendaion, is made nevertheless, since the primary
objective of this program is continued verification of low vibration and
noise design methods, rather than final design of flight-quality hardware.
Such a design would be a logical sequel to this program, utilizing the
proven procedures. The redesigned shaft is shown in Figure 39.

With respect to the ring gear, examination of Tables X1 and XII, which con-
tain data extracted from Figures 20, 25, 28, and 32, indicates that all
modifications yield considerably reduced radial dynamic force levels at
the casing lower edge with some changes in axial dynamic force levels at
that location. The modifications, in effect, all transfer the lower plane-
tary dynamic tooth forces to the upper ring-gear edge,,where it is reacted
by the transmissio n cover.

Examination of Figures 21, 26, 29, and 34, which show peak amplitudes along
the ring gear at the circumferential location of the dynamic force, indi-
cate clearly the higher amplitudes associated with the increased isblation
and flexibility of the lower-stage planetary ring gear. They are of the
order of 0.1 to 0.2 mil in all cases. Figures 22, 27, 30, and 35 confirm
these results. It should be noted that fatigue life may become the limit-
ing factor for the cantilevered ring-gear configurations. Detailed and
complete stress analyses have not been conducted for the mooifications
shown in Figures 23 and 31. Such calculations are recommended prior to
final design of parts for test evaluation.

As a result of the foregoing study, it is recommended that ring-gear Modi-
fication No. 3 be selected for first evaludtion on the basis that its
fabrication cost will be reasonably low. This modification is shown in
Figure 40.

It is recommended that either Modification No.lor No. 2 be selected for
testing subsequent to Modification No. ,on the basis that while their
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isolation properties are slightly better than tbo:se of No. 3, theirSfabrication costs will be higher. Designs for Modifications No. 1 and

No. 2 are shown in Figures 41 and 42,
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CONCLUSIONS

't" The following conclusions are drawn as a result of the studies reported
herein:

I. Practical, low 'os-t., shaft-bearing system modifications have been
identified for the bevel-carrying gearbox shafts. Thespe modifications

are predicted to yield dynamic force reducti'ons nf 8 db and 1i db

(re. 1.0 ib) in the shaft bearings at the lower-stage planetary and
bevel gear imesh frequencies, respectively.

2. Since it was, not considered feasible to alter spiral-bevel shaft bear-
ing locations and diameters, mass distribution modifications were con-

sidered. The proposed modifications would increase- the weight of the

bevel gear shaft from 38 to 55 lbs and the weight of the lower-stage
planetary 'sun gear shaft from 46 to 79 ibs. rhe noise produced by the

gearbox casing as a result of the bearing dynamic forces should be re-

duced in proportion to the force reductions noted in Conclusion 1.

3. Practical ring-.gear modifications have been identified. These modifica-
tions are predicted to provide effective isolation of the lower portions

of the gearbox from tooth dynamic forces originating in thf l.wer-stage

planetary meshes. Since the nominal ring gear design is *KnowD to pro-
vide an effective path for lower-stage planetary and be,/el gear mesh

frequency vibrations to reach the gearbox casing [10],'modifications

to the spiral bevel gear shafts alone may not be fully effective. In-

stead, ring-gear isolation must be combined with such modifications for

effective noise reduction at these frequencies.
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